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Nonlinear optical processes such as second-harmonic generation ͑SHG͒ and sum-and difference-frequency generation are extensively used in optics for frequency transformation. Quantum-well semiconductor nanostructures provide an opportunity to manipulate the nonlinear optical response by tailoring the energies and strengths of electronic transitions. Giant resonant electronic nonlinearities have been demonstrated with intersubband transitions in Refs. 1-4. Recently it has been shown 5-7 that one can integrate quantum-well structures with giant nonlinear susceptibilities into the quantum cascade laser ͑QCL͒ active region. As a result, the laser radiation experiences nonlinear selfconversion into radiation at other frequencies via the interaction with the nonlinearity of the gain medium. This can be used to extend the spectral range available to QCL. To achieve high conversion efficiency in SHG and sum-and difference-frequency generation, a phase matching of the fundamental and generated waves is required. [6] [7] [8] [9] Using modal phase matching, Malis et al. have recently achieved 2 mW of second-harmonic power output from QCL with 17 mW/ W 2 conversion efficiency. 9 Here we demonstrate an alternative, quasiphase matching ͑QPM͒ scheme for SHG in QCL that utilizes unique properties of quantum-well nanostructures as artificial atoms with controllable electronic resonances.
The power of the beam at frequency 2 generated in SHG scales as
Here W and W 2 are the power of the beams at and 2, ͑2͒ is the nonlinear susceptibility of the medium, and ⌬k = k 2 −2k is the wave vector mismatch with k = n͑͒ / c, where n͑͒ is the refractive index at frequency . The parameter ␣ is related to the optical gain or losses of the medium at both fundamental and second-harmonic frequencies and to inhomogeneous effects such as the random variations of ͑2͒ , random variations of ⌬k in different parts of the sample, etc. 11 Here we assumed that the length of the sample is larger than 1 / ␣. For efficient frequency conversion ⌬k must be close to zero, the phase matching condition. Due to the materials dispersion, this condition is usually difficult to fulfill. Quasiphase matching utilizes the spatial modulation of the nonlinear susceptibility ͑2͒ with wave vector k QPM to compensate the phase mismatch. For QPM Eq. ͑1͒ becomes
Here ͑2͒ ͑k QPM ͒ is the Fourier component of ͑2͒ with the wave vector k QPM . The QPM technique allows to match any frequencies and to have different modulations on the same device. However, typical methods to produce QPM materials require physical modification of the sample, such as periodic poling, 12 growth on patterned substrates, 13 wafer bonding, 14 etc. They all suffer from difficulty of structure fabrication.
Here we demonstrate a method to achieve QPM in QCL by spatial modulation of intersubband electronic resonances along the laser ridge utilizing the Stark effect. This can be done by spatially modulating the bias voltage using a metal grating for the top contact. This method does not require any physical modification of the QCL active region.
The nonlinear susceptibility of quantum-well structures depends on the energy level spacing and the electron population density in different energy states, 
͑3͒
Here N e is the carrier density in the quantum wells, i is the population density in state i, ij , ⌫ ij , and z ij are the frequency, relaxation rate, and the transition dipole moment, respectively, for the transition between states i and j. Consider a QCL structure with integrated optical nonlinearity optimized for resonant SHG 7 ͓Figs. 1͑a͒ and 1͑b͔͒. Under the laser operating voltage ͓Fig. 1͑a͔͒, the energy levels 2-5 are Stark shifted to form transitions that are in resonance with both laser frequencies and 2, the current is flowing across the active region and most of the electrons are in the upper laser state, 3 ӷ 1 , 2 , 4 , and 5 . Equation ͑3͒ then gives ͉ ͑2͒ ͉Ϸ2 ϫ 10 4 pm/ V. 7 On the other hand, for low bias voltage there is no current, electrons are mostly in state 1, and, without the Stark shift, the energy levels are no longer in resonance with and 2 ͓see Fig. 1͑b͔͒ . For zero bias Eq. ͑3͒ gives ͉ ͑2͒ ͉Ϸ10 3 pm/ V. Thus, by modulating the bias along the laser ridge, one can modulate the nonlinear susceptibility. Note that the distribution of the electric field and current in the QCL active region is a solution of the Poisson equation with the applied voltage providing the boundary conditions on top of the ridge. Typically one observes the "current spreading" effect. 15 The exact calculation of this effect is beyond the scope of this experimental letter. However, the calculations in Ref. 15 indicate that one should be able to achieve effective modulation of ͑2͒ in a QCL by modulating the bias voltage along the ridge.
To verify this experimentally, we processed the lasers from wafer D3045 ͓regrowth of D2912 ͑Ref. 7͔͒. The laser consists of 50 periods of active regions and injectors sandwiched between two waveguide layers of InGaAs, 600-nm-thick below and 400-nm-thick above, both n doped to 10 17 cm −3 . The bottom waveguide cladding is provided by the InP substrate and the top cladding is made from an inner 2.1-m-thick AlInAs layer n doped to 1 ϫ 10 17 cm −3 , an outer 0.4-m-thick AlInAs layer n doped to 2 ϫ 10 17 cm −3 , and capped by a 0.35-m-thick InGaAs layer n doped to 6.5ϫ 10 18 cm −3 . The lasers were processed as deep-etched ridge waveguides with ridge widths 10-12 m ͑in the active region͒. Laser bars with length ϳ2.5 mm were cleaved from the processed chips. To achieve the modulation, we etched 0.75-m-deep, 650-m-long grating structures through the higher-doped layers on top of the ridges, near one of the laser facets, and placed gold contacts on top of the grating, as shown in Figs. 1͑c͒ and 1͑d͒ . The rest of the ridge was left intact in effort to keep good laser performance. We estimated the phase mismatch for SHG in the lasers to be ͉⌬k͉ ϳ 1500-1800 cm −1 . Note that the periodic modulation of the waveguide structure may introduce additional QPM mechanisms through the modulation of the effective refractive indices of the modes or through the modulation of the mode profiles. We have considered these contributions and found them negligibly small. Two sets of samples were processed. In the first set, the samples had a ridge width of 12 m and the grating period was changed from 33 to 44 m ͑k QPM changing from 1900 to 1400 cm −1 ͒; the current was injected through half of the grating period ⌳ ͓see Fig. 1͑c͔͒ . The samples in the second set had a ridge with of 10 m and the grating period was varied from 31 to 57 m ͑k QPM = 2000-1100 cm −1 ͒; the current was injected through 1 / 3 of the grating period to compensate for the possible current spreading. 15 The lasers were operated at 77 K in pulsed mode with 125 ns current pulses with repetition rate of 80 kHz. The measurements were done with a calibrated thermopile detector for the fundamental light and a calibrated cooled InSb photovoltaic detector for SHG light.
The fundamental and SHG light output characteristics of the two typical lasers are presented in Fig. 2 . The introduction of the grating structure on the ridge typically reduced the fundamental laser output power by approximately 30%. However, the amount of the emitted SHG light was higher for the devices with the grating. Plotted in Fig. 3 is the dependence of the conversion efficiency, defined as = W 2 / W 2 , on the grating period. The conversion efficiency peaks at 2 / ⌳ around 1500 cm −1 which agrees with the theoretically estimated phase mismatch ͉⌬k͉ ϳ 1400-1800 cm −1 confirming that we achieved QPM. Due to the significant scatter of the data, the exact positions of the conversion efficiency peaks are difficult to establish with accuracy better than 150 cm points is a function of the form 1 / ͓͑k QPM − ⌬k͒ 2 + ␣ 2 ͔, expected from Eq. ͑2͒, with ␣ = 100 cm −1 and ⌬k = 1370 cm −1
͓1630 cm −1 for Fig. 3͑b͔͒ . The value of ␣ that determines the width of the peaks in Fig. 3 is significantly larger than ϳ20 cm −1 estimated from the value of the waveguide losses due to resonant absorption of second-harmonic radiation. Large value of ␣ is likely due to the inhomogeneous effects such as ridge width nonuniformity and to the relatively short ͑650 m͒ QPM modulation length. For an ideal L = 650 m long QPM structure the half-width at half maximum of the peak of the conversion efficiency ͑k QPM ͒ is given as 0.9 / L Ϸ 45 cm −1 . 11 In addition, the wet-etch processing used to fabricate our devices results in 0.5 to 1 m ridge-width nonuniformity, leading ϳ50 cm −1 variations in phase mismatch ͉⌬k͉ in different parts of the ridge. 8 We believe that the ridge width and height variations between different devices are also the reason for the scatter of the data in Fig. 3 . Overall we observed up to ten times improvement in the conversion efficiency in QPM samples. Assuming the current is injected through half of the grating period, there is no current spreading, and in the regions with no current ͑2͒ = 0.05 max ͑2͒ , where max ͑2͒ is the nonlinearity under the laser operating condition, we obtain ͑2͒ ͑k QPM ͒Ϸ max ͑2͒ / . A comparison of Eq. ͑1͒ with Eq. ͑2͒ shows that SHG conversion efficiency must improve by ϳ1/ 2 ϫ⌬k 2 / ␣ 2 . Inserting ␣ = 100 cm −1 and ⌬k = 1600 cm −1 into this expression gives an improvement factor Ϸ26. The experimentally measured value is approximately three times smaller, likely due to the current spreading effect that reduces the efficiency of the nonlinearity modulation. Further investigation is underway to improve the SHG conversion efficiency by the careful design of the contact grating, increasing the modulation length, and employing dry etching processing.
In summary, we have experimentally demonstrated a technique for QPM of SHG in QCL through the periodic Stark shift of the intersubband electronic resonances. The technique is easy to implement and does not require any modification of the QCL active region. It can also be used to improve the conversion efficiency of other nonlinear optical processes such as sum-and difference-frequency generation, third-harmonic generation, and parametric frequency downconversion in QCL and other semiconductor nanostructure devices based on a resonant electronic nonlinearity.
